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(OR=1.73;	 95%CI:	 1.14-2.61),	 Jacob	 (OR=2.98;	 95%CI:	 1.46-6.53),	 Lleyn	 (OR=2.91;	 95%CI:	 1.27-6.66)	 and	30 
Suffolk	 (OR=2.15;	 95%CI:	 1.66-2.78)	 had	 higher	 odds	 ratios	 of	 having	 the	 ARR	 allele.	 Other	 risk	 factors	31 
associated	to	presence	of	ARR	allele	were	finishing	farms	(OR=1.18;	95%CI:1.06-1.32)	and	farms	in	Scotland	32 
(OR=0,78;	 95%CI:	 0.74-0.84)	 and	 in	 Lowland	 grazing	 areas	 (OR=1.52;	 95%CI:	 1.39-1.67).	 Risk	 factors	33 
associated	with	presence	the	VRQ	genotype	were	farms	in	Scotland	(OR=0,85;	95%CI:	0.77-0.93)	and	breeds	34 






















Canada	and	the	United	States	of	America	(APHIS, 2018, Scrapie	Canada,	2018). Commission	Regulation	(EC)	53 
2245/2003,	 which	 is	 an	 amendment	 of	 the	 (EC)	 999/2001	 regulation,	 requires	 that,	 in	 addition	 to	 each	54 
positive	transmissible	spongiform	encephalopathy	(TSE)	case	in	sheep,	the	prion	protein	genotype	shall	be	55 
determined	 for	a	 random	subsample	of	 those	ovine	animals	 tested	negative	under	active	surveillance.	 In	56 






huge	 effort	 to	 change	 the	 dominating	 genotypes	 of	 the	 national	 herd	 with	 the	 most	 scrapie	 resistant	63 
genotypes	 for	breeding,	 and	decrease	 the	 frequency	of	 the	most	 susceptible	animals	 (Ortiz-Pelaez	et	al.,	64 
2014).	 This	 program	ended	 in	March	 2009.	 In	 this	 regard,	 sheep	with	 the	ARR	 allele	 have	 a	 significantly	65 
reduced	 risk	 of	 developing	 scrapie	 compared	 with	 other	 genotypes,	 while	 presence	 of	 the	 VRQ	 allele	66 
increases	greatly	the	risk	(Hunter	et	al.,	1992,	1994;	Belt	et	al.,	1995;	Hunter,	1997;	Elsen	et	al.,	1999;	Baylis	67 
et	al.,	2004a:2004b).	Probably,	the	NSP	in	GB	has	been	the	largest	genotyping	programme	for	animal	disease	68 













It	 has	 been	 argued	 that	 “control	 and	 prevention	 of	 scrapie	 is	 beyond	 reach	when	 knowledge	 about	 the	80 
pathways	 of	 transmission	 is	 absent”	 (Adams,	 2016).	 This	 is	 also	 hindered	 by	 the	 inefficacy	 of	 current	81 
treatments	 for	 the	 decontamination	 and	 disinfection	 of	 farms	 following	 scrapie	 outbreaks	 (Acin,	 2015;	82 
Hawkins	et	al.,	2015;	Gough	et	al.,	2017).	Furthermore,	it	is	known	that	the	scrapie	prion	can	persist	in	the	83 
environment	for	several	years	(3	to	+16	years)	(Miller	et	al.,	2004;	Georgsson	et	al.,	2006;	Genovesi	et	al.,	84 
2007;	Wiggins,	 2009;	 Smith	 et	 al.,	 2011).	 Under	 this	 scenario,	 and	 given	 the	 risk	 of	 developing	 CS	 again	85 





surveillance	 program	 is	 to	 detect	 and	 eradicate	 CS,	 a	 continuous	 adjustment	 process	 of	 this	 program	 is	91 













Historical	 data,	 from	 2002	 until	 2015,	 were	 extracted	 from	 three	 national	 databases:	 	 (1)	 the	 Scrapie	103 
Surveillance	 database,	 (2)	 the	 annual	 Agricultural	 Survey,	 and	 (3)	 the	 annual	 Sheep	 and	 Goat	 Inventory	104 





































NXP	 Laboratory	 Automation	 Workstation	 (Beckman	 Coulter).	 Both	 strands	 of	 the	 PCR	 products	 were	140 
sequenced	by	using	a	forward	and	reverse	primer	SWF3	(5’-gtaagccaaaaaccaacatgaagc-3’)	and	SWR6.2	(5’-141 
tcgctccattatcttgatgtcagttt-3’).	Sequencing	was	performed	by	using	BigDye	Terminator	v3.1	reagents	(Applied	142 










type	 1	 (ARR/ARR),	 type	 2	 (ARR/AHQ,	 ARR/ARH,	 ARR/ARQ),	 type	 3	 (AHQ/AHQ,	 AHQ/ARH,	 AHQ/ARQ,	151 
ARH/ARH,	ARH/ARQ,	ARQ/ARQ),	type	4	(ARR/VRQ)	and	type	5	(AHQ/VRQ,	ARH/VRQ,	ARQ/VRQ,	VRQ/VRQ).	152 










For	 each	 sample,	 data	 was	 also	 collected	 on	 farm	 CPH,	 the	 country	 and	 the	 year	 of	 sampling.	 Breed	163 
information	was	also	 collected,	but	only	 for	 sample	 from	 the	 fallen	 stock	 survey.	Breed	 information	was	164 
recorded	at	the	sites	through	previously	trained	staff	working	on	the	fallen	stock	site.		165 
2.1.2.	Agricultural	Survey	166 
The	 annual	 agricultural	 survey	provides	 data	on	 farm	purpose	 (less	 favoured	 area	 (LFA)	 grazing,	 lowland	167 
grazing,	 dairy	 and	 others)	 This	 survey	 is	 conducted	 in	 June	 of	 each	 year	 and	 covers	 80%	 of	 the	 farming	168 
population	in	GB	(DEFRA,	2017).	Data	for	each	year	for	the	period	2002-2015	was	used,	and	farm	type	was	169 
then	matched	for	each	animal	in	the	scrapie	surveillance	system	by	CPH	and	year.	When matching by year 170 
was not possible, if the CPH was present in future or past years in the agricultural survey, the farm 171 
type for that CPH in those years was then used.		172 
2.1.3.	Sheep	and	Goat	Annual	Inventory		173 
The	annual	inventory	is	a	census	survey	and	a	legal	requirement	that	provides	estimates	of	the	number	of	174 








The	 annual	 distribution	 of	 most	 resistant	 and	most	 susceptible	 alleles	 were	 calculated	 spatially	 in	 each	181 
administrative	area.	A	choropleth	map	was	generated	in	ArcMap	10.2.2	(ESRI,	USA)	showing	the	frequency	182 
of	both	allele	groups	for	each	administrative	area.	Spatial	clusters	in	GB	of	NSP	genotype	group	1	(ARR/ARR)	183 
were	 investigated	using	Kulldorf’s	 spatial	 scan	 statistic	 implemented	using	 the	SaTScan	 software	 (version	184 
9.4.4)	in	order	to	identify	potential	areas	for	breeding	and	replacement	of	resistant	genotypes.	In	addition,	185 











A	 univariable	 analysis	 was	 done	 using	 multilevel	 mix-effect	 logistic	 regression	 to	 identify	 significant	197 








that	 data	 on	 breed	 of	 animals	 were	 only	 collected	 in	 the	 fallen	 stock	 survey,	 reducing	 dramatically	 the	204 
number	of	observations	in	the	multivariable	models.	Data	on	farm	purpose	was	only	collected	in	England,	205 
and	therefore	a	model	without	country	was	needed	to	explore	the	possible	association	with	this	variable.	For	206 












90%	animals	 tested	through	abattoirs	 in	2002-2003	to	over	73%	of	sheep	tested	through	the	fallen	stock	219 
survey	in	2015.	220 
A	total	of	65,666	sheep	were	genotyped,	consisting	of	54.3%	from	the	abattoir	survey,	42.6%	from	the	fallen	221 











increase	over	 time	was	observed	 for	 type	1	 (b=1.15	95%	CI	 [0.76	 to	 1.53],	 R
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analysis	 (p	 <	 0.001,	 Figure	 5-A);	 one	 high-	 and	 one	 low-risk	 cluster.	 The	 high-risk	 cluster	 of	 ARR/ARR	249 











potential	 risk	 factors	were	 identified	 (year,	 testing	 route,	 country	and	breed).	Examining	 the	 relationship	259 
between	both	alleles	and	year	of	sampling,	there	was	a	significantly	increased	odds	from	2008	until	2015	for	260 




the	 presence	 of	 resistant	 or	 susceptible	 genotypes.	 Country	 was	 significant	 for	 both	 alleles,	 with	Wales	265 










allele	were	found	in	lowland	grazing	farms	and	in	farms	classified	as	‘finishing’,	 ‘grazing’,	 ‘pet’	and	‘wool’.	276 
Lower	odds	of	having	ARR	where	found	in	farms	located	in	Scotland	and	in	farms	with	more	than	250	sheep.	277 
Wales	 was	 no	 longer	 found	 as	 a	 significant	 risk	 factor	 associated	 to	 higher	 odds	 of	 ARR	 allele.	 Model	278 
predictions	were	more	accurate	 in	models	without	breed.	 Lower	odds	of	having	VRQ	allele	was	 found	 in	279 












mandatory	 for	 all	 flocks	 with	 confirmed	 cases	 from	 that	 date	 (Boden	 et	 al.,	 2012),	 as	 required	 by	 EC	290 
Regulations	(EC2001/999,	EC,	2003a,	EC,	2003b).	The	programme	ended	in	2009.		Results	of	this	study	show	291 
clearly	 that	over	 the	14-year	study	period	 (2002	to	2015),	 the	 impact	of	 the	 implementation	of	statutory	292 
eradication	measures	and	the	use	of	genetic	breeding	programs	has	had	a	significant	effect	on	the	increase	293 
in	ARR	allele	frequency	and	decrease	of	VRQ	allele	frequency	in	the	sheep	population.	These	results	agree	294 
with	 previous	 studies	 (Tongue	 et	 al.,	 2008;	 Arnold	 and	 Ortiz-Pelaez,	 2014).	 Whereas	 the	 odds	 of	 the	295 
occurrence	of	the	ARR	allele	increased	to	double	of	the	initial	frequency,	the	VRQ	allele	was	reduced	to	half.	296 
Furthermore,	results	show	that	while	a	higher	proportion	of	VRQ	alleles	appeared	in	the	vast	majority	of	the	297 


























































increased	 presence	 of	 susceptible	 genotype.	 	 Similarly,	 breeding	 farms	 and	 those	 farms	 located	 in	 less	352 
favoured	areas	were	found	to	have	lower	odds	of	having	the	ARR	allele.		Given	that	the	better	predictions	353 
where	obtained	 from	the	multivariable	models	without	breed,	 the	 risk	 factors	 identified	 in	 those	models	354 








Wales	 were	 identified	 as	 areas	 with	 a	 generally	 higher	 occurrence	 of	 the	 disease	 than	 the	 rest	 of	 GB.		363 
16 
 
Although	our	multivariate	model	associates	Wales	with	higher	odds	of	 the	most	 resistant	ARR	allele	and	364 








have	a	 lower	representation	than	others.	 In	addition,	 large	numbers	of	samples	were	genotyped	in	2002-373 
2003	and	2012	with	a	specific	project	 in	order	to	determine	the	PRNP	genotype	distribution	of	the	sheep	374 
population	and	to	assess	the	impact	of	the	NSP	(Ortiz-Pelaez	et	al.,	2014).	These	large	number	of	animals	375 
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2002	 2003	 2004	 2005	 2006	 2007	 2008	 2009	 2010	 2011	 2012	 2013	 2014	 2015	
Surveillance	
Data	numbers	 33,657	 80,988	 16,941	 21,506	 75,370	 45,472	 24,175	 22,107	 18,228	 19,040	 19,538	 19,482	 19,287	 19,368	
Abattoir	(%)	 97.0	 93.9	 67.8	 54.1	 65.4	 57.3	 45.2	 49.6	 43.7	 36.3	 32.9	 35.4	 35.3	 25.7	
Fallen	stock	(%)	 3.0	 5.4	 29.4	 42.8	 34.2	 40.7	 51.2	 47.4	 56.3	 62.9	 66.1	 62.9	 63.9	 73.4	
Dead	in	transit	(%)	 0.0	 0.7	 2.8	 3.1	 1.2	 1.9	 3.6	 0.0	 0.8	 1.0	 1.7	 0.9	 0.9	 1.0	
Genotyping	
Data	numbers	 30,095	 20,333	 558	 85	 515	 402	 734	 599	 587	 699	 8,639	 1,192	 607	 626	
Abattoir	(%)	 97.70	 93.83	 44.95	 38.46	 55.93	 17.38	 0.96	 52.51	 55.29	 48.64	 67.37	 81.48	 50.00	 50.32	
Fallen	stock	(%)	 2.27	 5.81	 51.38	 57.69	 40.32	 69.77	 97.27	 35.45	 49.10	 51.20	 31.80	 13.19	 49.83	 49.68	













Odds	ratio	 95%	CI	 p-value	 Odds	ratio	 95%	CI	 p-value	
Year	 	 1.04	 1.01-1.06	 0.002	 0.97	 0.94-1.01	 0.170	
Country	
England	 Ref.	 	 	 Ref.	 	 	
Scotland	 1.10	 0.91-1.32	 0.326	 0.71	 0.53-0.95	 0.021	
Wales	 1.28	 1.04-1.59	 0.022	 0.97	 0.72-1.33	 0.867	
Breed	
Mule	 Ref.	 	 	 Ref.	 	 	
Beulah	speckled	face	 1.73	 1.14-2.61	 0.009	 0.63	 0.33-1.21	 0.170	
Bluefaced	Leicester	 1.53	 0.90-2.60	 0.116	 0.81	 0.35-1.88	 0.627	
Border	Leicester	 1.12	 0.55-2.32	 0.750	 2.47	 1.02-5.97	 0.045	
Charollais	 1.65	 0.86-3.18	 0.132	 0.74	 0.30-1.81	 0.503	
Cheviot	 0.77	 0.57-1.04	 0.088	 1.47	 0.94-2.31	 0.093	
Dorset	Horn	&	Poll	 1.17	 0.83-1.64	 0.368	 1.59	 1.03-2.44	 0.036	
English	Leicester	 0.93	 0.55-1.58	 0.798	 1.79	 0.85-3.75	 0.125	
Herdwick	 0.27	 0.15-0.48	 0.000	 2.05	 1.02-4.14	 0.045	
Jacob	 2.98	 1.36-6.53	 0.006	 1.00*	 	 	
Lleyn	 2.91	 1.27-6.66	 0.012	 0.15	 0.02-1.12	 0.064	
Scottish	Blackface	 0.53	 0.41-0.70	 0.000	 0.79	 0.50-1.25	 0.310	
Shetland	 0.21	 0.12-0.37	 0.000	 4.29	 2.31-7.98	 0.000	
Suffolk	 2.15	 1.66-2.78	 0.000	 0.43	 0.27-0.66	 0.000	
Suffolk	cross	 1.54	 1.25-1.91	 0.000	 0.72	 0.52-1.00	 0.051	
Swaledale	 0.56	 0.45-0.71	 0.000	 1.53	 1.11-2.10	 0.009	
Texel	 0.79	 0.62-1.01	 0.057	 0.68	 0.45-1.04	 0.073	
Texel	cross	 0.95	 0.74-1.24	 0.738	 1.22	 0.84-1.79	 0.300	
Welsh	Mountain	 0.61	 0.45-0.81	 0.001	 1.37	 0.90-2.08	 0.143	
Animal	
purpose	
Breeding	 Ref.	 	 	 	 	 	
Dealer	 1.04	 0.82-1.31	 0.756	 	 	 	
Finishing	 1.03	 0.85-1.25	 0.746	 	 	 	
Grazing	 1.24	 0.97-1.59	 0.084	 	 	 	
Pet	 2.25	 1.12-4.52	 0.022	 	 	 	
Producer/processor	 0.81	 0.25-2.59	 0.725	 	 	 	
Stores	 1.04	 0.83-1.21	 0.729	 	 	 	
Wool	 0.67	 0.48-0.93	 0.018	 	 	 	

























Odds	ratio	 95%	CI	 p-value	 Odds	ratio	 95%	CI	 p-value	
Year	 	 1.06	 1.05-1.06	 0.000	 0.93	 0.92-0.94	 0.001	
Country	
England	 Ref.	 	 	 Ref.	 	 	
Scotland	 0.78	 0.74-0.84	 0.000	 0.85	 0.77-0.93	 0.001	
Wales	 1.00	 0.95-1.06	 0.976	 0.98	 0.91-1.06	 0.678	
Animal	
purpose	
Breeding	 Ref.	 	 	 Ref.	 	 	
Dealer	 1.11	 1.01-1.23	 0.029	 0.95	 0.83-1.10	 0.510	
Finishing	 1.15	 1.07-1.25	 0.000	 0.99	 0.89-1.11	 0.892	
Grazing	 1.16	 1.05-1.27	 0.002	 0.93	 0.82-1.06	 0.280	
Pet	 1.39	 1.08-1.78	 0.010	 0.87	 0.61-1.24	 0.438	
Producer/processor	 0.77	 0.46-1.27	 0.298	 1.33	 0.66-2.65	 0.417	
Stores	 1.13	 1.02-1.24	 0.014	 0.89	 0.77-1.02	 0.090	
Wool	 1.33	 1.18-1.49	 0.000	 0.79	 0.67-0.95	 0.010	
Herd	size	 <250	 Ref.	 	 	 	 	 	
	 250-1000	 0.94	 0.89-0.99	 0.028	 	 	 	
	 >1000	 0.87	 0.81-0.93	 0.000	 	 	 	












	 Odds	ratio	 95%	CI	 p-value	 Odds	ratio	 95%	CI	 p-value	
Year	 	 1.07	 1.06-1.08	 0.000	 	 	 	
Animal	
purpose	
Breeding	 Ref.	 	 	 	 	 	
Dealer	 1.09	 0.96-1.24	 0.163	 	 	 	
Finishing	 1.18	 1.06-1.32	 0.003	 	 	 	
Grazing	 1.38	 1.10-1.72	 0.004	 	 	 	
Pet	 1.29	 0.83-2.00	 0.252	 	 	 	
Producer/processor	 0.52	 0.29-0.92	 0.025	 	 	 	
Stores	 1.11	 0.98-1.27	 0.105	 	 	 	
Wool	 1.47	 1.18-1.83	 0.001	 	 	 	
Farm	
purpose	
LFA	grazing	 Ref.	 	 	 	 	 	
Lowland	grazing	 1.52	 1.39-1.67	 0.000	 	 	 	
Dairy	 1.29	 1.07-1.55	 0.008	 	 	 	
Other	 1.51	 1.37-1.68	 0.000	 	 	 	
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